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Regulation of gene expression for tyrosine hydroxylase in oxygen
sensitive cells by hypoxia. Carotid body type I cells and the 02-sensitive
pheochromocytoma (PC12) cells release dopamine during hypoxia. Re-
duced 02 tension causes inhibition of an outward rectifying the O2
sensitive potassium (K) channel in the 02-sensitive pheochromocytoma
(PCI2) cell line, which leads to membrane depolarization and increased
intracellular free Ca2. We found that removal of Ca2 from the
extracellular milieu, inhibition of voltage-dependent Ca2 channels, and
chelation of intracellular Ca2 prevents full activation of the TH gene
expression during hypoxia. These findings suggest that membrane depo-
larization and regulation of intracellular free Ca2 are critical signal
transduction events that regulate expression of the TH gene in PC12 cells
during hypoxia. Gene expression of tyrosine hydroxylase (TH), the
rate-limiting enzyme in the biosynthesis of dopamine, is stimulated by
reduced °2 tension in both type I cells and PCI2 cells. The increase in TH
gene expression in PC12 cells during hypoxia is due to increases in both
the rate of transcription and mRNA stability. Analysis of reporter-gene
constructs revealed that increased transcription of the TH gene during
hypoxia is regulated by a region of the proximal promoter that extends
from —284 to —150 bases, relative to the transcription Start site. This
region of the gene contains a number of cis-acting regulatory elements
including API, AP2 and hypoxia-inducible factor (HIF-l). Competition
assays revealed that hypoxia-induced binding occurs at both the APi and
HIF-1 sites. Results from super-shift and shift Western assays showed that
a heterodimer consisting of c-Fos and JunB binds to the APi site during
hypoxia. Mutagenesis experiments revealed that the APi site is required
for increased transcription of the TH gene during hypoxia. We also found
that the genes that encode the c-Fos and JunB transcription factor proteins
are regulated by reduced 02 tension.
Mammalian cells are primarily aerobic and therefore highly
dependent upon a continuous supply of oxygen. A reduction in
the oxygen tension of arterial blood is detected by the "°2
sensitive" (type I) cells in the carotid body, a small organ located
near the bifurcation of the common carotid artery. Information
concerning the 02 status of arterial blood is transmitted from type
I cells to closely situated primary sensory nerve fibers by release of
neurotransmitter. The catecholamine neurotransmitter dopamine
is synthesized and released from type I cells during hypoxia [1, 21.
Recent findings from our laboratory revealed that gene expression
for tyrosine hydroxylase (TH; EC 1.14.16.2), the rate-limiting
enzyme in the biosynthesis of dopamine, is stimulated by hypoxia
in both type I and pheochromocytoma (PC12) cells, an 02
chcmoscnsitive cell line [3—5]. We have used PCI2 cells to identi'
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the cis-aeting sequences on the TH gene that confer 02 respon-
siveness and the trans-acting protein factors that interact with
these sequences to regulate the rate of transcription during
hypoxia [61.
The actual mechanisms by which type I cells detect a reduction
in 02 tension and transduce this signal into increased gene
expression, neurotransmitter synthesis and release remains ob-
scure. However, it is known that type I cells express a novel
potassium (K--) channel that is selectively and reversibly inhibited
by reduced °2 tension [7—101. Inhibition of this channel by
reduced 02 tension mediates membrane depolarization and an
influx of Ca2 through voltage-dependent Ca2 channels (VDCC)
[111. The present research was undertaken to attempt to further
elucidate the signal transduction systems that couple reduced 02
tension with the genomie mechanisms involved in the regulation
of gene expression during hypoxia. We are specifically interested
in determining if an increase in intracellular free Ca2 and
activation of Ca2 vrelated signal transduction systems are in-
volved in regulation of the tyrosine hydroxylase gene during
hypoxia.
Methods
Cell culture
Experiments were performed on rat pheochromocytoma
(PCI2) cells that were maintained in Dulbecco's modified Eagle's
mediurn/F12 (DMEM/F12) containing 15 mt Hepes buffer, L-
glutaminc, 10% fetal calf serum, and penicillin (100 U/mI). Cells
were plated on culture dishes (100 mm2) and grown to 90%
confluency in strictly maintained environment (21% 02, 5% CO2.
remainder N2 at 37°C). Hypoxia exposures were performed in an
°2 regulated incubator by exposing the cells to either 5% or 10%
Northern blot analysis
Total cellular RNA was isolated from cells that had been
exposed to various durations of either 21 or 5% 02 as described
previously [4, 51. Aliquots of RNA (10 jig) were dried and
denatured prior to electrophoresis on a 1% agarose gel in MOPS
buffer. The RNA was blotted onto a synthetic filter and hybridized
with 4 to 6 >< 106 cpm of a rat eDNA probe.
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Fig. 1. Effect of hypoxia on voltage-
dependent outward current in PCI2
cells. Superimposed current traces
recorded during control (C,
normoxia), after steady-state
inhibition by hypoxia (H), and
after returning to normoxic
conditions (R). Currents were
recorded at +50 mV for 800 ms,
from a hyperpolarizing potential of
—90 mV. Standard pipette and
bath solutions were used.
Reproduced with permission from
[12].
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transcription start Site) of the TH promoter were subcloned in
front of the CAT gene in the pCAT basic plasmid. All clones were
confirmed by restriction digestion analysis arid double-strand
sequencing using the Sequenase Version 2.0 kit from United
States Biochemical. Transfections and CAT assays were per-
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Fig. 2. Effect of graded hypoxia on 'K• Cells were depolarized to +50 my from —90 mV holding potential for 800 ms every 10 seconds and exposed to
solution with progressively lower P02 (see inset). Standard pipette and bath solutions were used as described in reference [11] Each data represents
the mean Sc of 6 cells, except were otherwise indicated. Oxygen tension in the recording chamber was measured by on °2 electrode. Recordings were
made under Continuous perfusion using media saturated with 21, 10, 2 and 0% 02. Reproduced with permission from [12].
Transfection and CA T assays
TH promoter-chlorampheriicol aeetyltransferase (CAT) re-
porter gene constructs were made from a plasmid that contained
sequences from the 5' flanking region of the TH gene. Different
lengths (—284, —150, —110, —91 and —37 to +27, relative to formed as described previously [4, 61.
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Gel mobility shift assay
Gel shift assays were performed using native DNA fragments
corresponding to the —284 to —190 fragment of the TH gene or
double stranded oligonucleotide probes that contain specific cis
regulatory sequences. Nuclear protein extracts were made from
cells that had been exposed to 5, 10 or 21% 02 as described
previously [6]. Briefly, binding reactions were performed with 10
jig of nuclear protein extract, 3 jig poly dIdC (Pharmacia), and 4
ng of Klenow labeled DNA. Binding reactions were incubated at
4°C for 12 to 18 hours prior to electrophoresis on a 4% polyacryl-
amide gel with 2.5% glycerol. To test the specificity of DNA-
protein binding, competition experiments were performed with
nonlabeled DNA that was incubated with the protein extract prior
to addition of radioactive probe.
Supershift assay
Prior to the addtion of radioactive DNA probe, nuclear extracts
were incubated with antibodies (2 to 6 jig) against either c-Fos,
c-Jun or JunB for three to five hours at 4°C. Labeled probe was
then added and DNA-protein incubation was continued for 12 to
18 hours at 4°C. DNA-protein-antibody complexes were resolved
by PAGE.
Patch clamp analysis
Patch clamp experiments were performed as described previ-
ously [12]. Cover slips containing PC12 cells were placed in a
perfusion chamber that is mounted on an inverted microscope
(ITM-2, Olympus). The cells were perfused with recording media
at a rate of approximately 2 mI/mm. The volume of media in the
chamber was maintained at 200 to 400 j.d. All experiments were
carried out at room temperature (25°C). The 02-sensitive K
current was studied using step depolarization pulses to +50 mV
from holding potentials of —90 mV during both normoxia and
hypoxia. Whole-cell current was measured during the last 20
seconds of each exposure period.
Measurement of intracellular calcium
Cells were plated on glass coverslips and exposed to Fura-2
dissolved in 2 mM dimethyl sulfoxide. Loading of Fura-2 lasted for
30 minutes at 37°C. Cells were imaged using a Zeiss IM 35
fluorescence microscope equipped with a monochromator at-
tached to a high resolution Hamamatsu SIT camera. Image-i
software was used for data analysis.
Protein kinase A
Cyclic AMP-dependent protein kinase (PKA) activity was
assayed by measuring the ability of PCI2 cellular homogenates to
phosphorylate kemptide, a specific substrate for PKA. Crude
homogenates containing 2 to 10 jig of protein were incubated for
six minutes in the presence of 50 jIM y-32ATP (2 Ci/mmol), 75 JIM
kemptide, and either 8-bromo-cAMP or a specific inhibitor of
PKA (PKI 6-22). PKA activity was normalized per jig protein and
defined as the difference between 8-bromo-cAMP stimulated
activity and that activity in the presence of P1(1.
Western blot analysis
PC12 homogenates were solubilized in sample buffer containing
50 mM Tris (pH 6.7), 2% SDS, 2% /3-mercaptoenthanol, and
samples containing 20 to 40 jig of protein were subjected to
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Fig. 3. Effects of hypoxia on resting membrane potential and cytosolic
calcium concentration in PCJ2 cells. A. Membrane depolarization pro-
duced by hypoxia in normal Ca2 (normal pipette and external solution;
see reference [11]) conditions. Membrane potential was recorded in
current-clamp mode. B. Membrane depolarization by hypoxia measured in
Ca2-free solutions. C. Increase in cytosolic Ca2 during hypoxia. Fura-2
loaded cells were imaged using 340:380 ratio method. Data are expressed
as fluorescence ratio and represent the average results from 15 cells.
Arrows indicate the point of introduction of hypoxia (H) and return to
control conditions (normoxia, R, 150 mm Hg). Broken line indicates the
resting potential. Reproduced with permission from [12].
SDS-polyacrylamide gel electrophoresis. Proteins were then
transferred to nitrocellulose membranes and immunolabeled with
specific antibodies. Immunolabeling was detected by enhanced
chemiluninescence (ECL).
Results
The type I cells in the mammalian carotid body contain an
02-sensitive potassium (K) channel that is inhibited by hypoxia
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[7—10]. In the present study, we performed patch-clamp experi-
ments to determine if PC12 cells express an 02-sensitive K
channel that is similar to the K channel in type I carotid body cells.
We found this to be the case. Figure 1 shows a typical voltage-
clamp recording in which an outward current is reversibly inhib-
ited by hypoxia. Additional studies showed that the 02-sensitive
current is blocked by tetraetylammonium chloride (TEA) and its
reversal potential correlated linearly with extracellular K concen-
trations which indicates that the current is mediated by potassium.
We also studied the effect of graded reductions in 02 tension from
150 to 25 mm Hg on the 02-sensitive K current (Fig. 2). Exposure
of PCI2 cells to progressively more severe hypoxia elicited a
graded inhibition of the outward K current (1K) (Fig. 2B). The
magnitude of inhibition of the 'K caused by hypoxia was similar in
both peak and steady state currents and was fully reversible upon
re-oxygenation (Fig. 1). The averaged effect of graded reductions
in P02 on 'K are shown in Figure 2C. In another series of
experiments, we found that inhibition of 'K led to membrane
depolarization and an increase in free intracellular Ca2 (Fig. 3).
Moreover, the membrane depolarization during hypoxia is not
dependent upon the presence of extracellular Ca2 (Fig. 3B). We
also found that exposure of PCI2 cells to reduced 02 tension
caused release of dopamine (not shown).
We performed studies in intact rat carotid body and in PC12
cells to determine the effect of graded hypoxia on gene expression
for tyrosine hydroxylase (TH), the rate-limiting enzyme in the
biosynthesis of dopamine. Results from in situ hybridization
experiments revealed that hypoxia (10% 02) stimulated TH gene
expression in the rat carotid body, but not in other catecholamine
synthesizing tissue. Findings from one such experiment are shown
in Figure 4. A reduction in oxygen concentration from 21 to 10%
(P02 50 mm Hg) was sufficient to enhance TH gene expression
in the carotid body (Fig. 4A). The time course for activation of TH
gene expression in the carotid body is shown in Figure 4B (CB,
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Fig. 4. A. Effect of hypoxia on TH gene
expression in the rat carotid body. Dark field
photomicrographs showing silver grains from in
situ hybridization of TH mRNA on sections
from carotid bodies exposed to either normoxia
(21% 02) or hypoxia (10% 02) for six hours. B.
The time course (ito 48 hr) of the TH mRNA
increase in the carotid body (CB, LI) and
superior cervical ganglia (SG, ). The ordinate
is silver grain density expressed as percent
change. In Situ hybridization was performed as
described in reference 3.
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Fig. 5. Ejfrct of graded hypoxia on TH mRI'sTA and TH enzyme levels in PCJ2 cells. A. The top panel shows a single Northern blot of TH mRNA from
PC12 cells exposed for six hours to either 21, 15, or 10% 02. The bottom panel is the averaged data from 5 separate Northern blot experiments in which
TH mRNA from PCI2 cells was measured following exposure to different levels of 02. Quantitation was performed by optical density reading of
autoradiogram. B. The top panel is a Western blot showing the effect of hypoxia on TH enzyme level in PCI2 cells exposed to 5% °2 for 24 to 72 hours.
The bottom panel is a graphical representation of these data. Quantitation was performed by optical density reading of autoradiogram.
dark bars). It is important to note that after just one hour of
exposure to 10% 02, TH gene expression is doubled. Peak
expression was measured at six hours of exposure and expression
remained elevated well above the control level during a 24 hour
exposure to hypoxia. It is also important to note that TH gene
expression in sympathetic ganglia (SG, open bars) was unaffected
by hypoxia. We also found that TH gene expression is not
regulated by hypercapnia another natural stimulus of the carotid
body (not shown).
The PC12 cell line was used to investigate the molecular and
cellular mechanisms that regulate TH gene expression during
hypoxia. Initial experiments were performed to determine if TH
gene expression is regulated in PCI2 cells by physiological levels
of hypoxia. In these experiments, PCI2 cells were exposed to 21,
15, 10, and 5% 02 for six hours (Fig. 5). A reduction in °2 from
21 to 15% was sufficient to significantly increase TH gene
expression; more severe levels of hypoxia led to further increases
in TH mRNA (Fig. 5A). An important finding was that hypoxia
led to an increase in TH enzyme level in PCI2 cells (Fig. 5B).
Thus, TI-I gene expression in PCI2 cells is responsive to reduc-
tions in environmental 02 within the range that evokes physio-
logical responses in the intact carotid body.
The increase in TH mRNA in PC12 cells during hypoxia is due
to increases in both the rate of gene transcription and stability of
TH mRNA [4}. We used this cell line for studies to identify the
cis-acting sequences on the TH gene that confers °2 responsive-
ness and the trans-acting protein factors that interact with the
sequences to regulate the rate of transcription. We found that the
transcriptional response to hypoxia in PC12 cells is mediated by
sequences in the 5' flanking region that are located between —190
and —284, relative to the transcription start site [4, 6]. This
fragment of the TH gene contains several cis-regulatory elements
(APi, AP2, H IF-i) that might be involved in regulation of the rate
of transcription during hypoxia. Gel mobility shift experiments
were performed to determine if any of these elements were
targets of hypoxia-induced protein factors. In these experiments,
the fragment of the native TH gene that extends from —190 to
—284 and contains the sequences that confer 02 responsiveness
was used as a probe. The labeled probe was incubated with
nuclear protein extracts from cells exposed to either 21 or 5% 02
for six hours. Results from a single gel shift experiment are shown
in Figure 6. There was a constitutive level of binding activity with
extracts from cells exposed to 21% 02 (lane 2) that was markedly
less than that measured with extracts from cells exposed to 5% 02
(lane 3). Competition experiments using non-labeled oligonucle-
otide probes that contain sequences which corresponded to the
TH regulatory motifs, APi and HTF-1, were performed to deter-
mine if these motifs are involved in the hypoxia-induced protein
binding interaction with the TH gene. We found that competition
probes (50X) that contained either the APi (lanes 4 and 5) or
1-HF-I (lanes 6 and 7) sequence partially blocked binding of
protein to the native TH gene fragment. These results clearly
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show that binding to the native TH fragment that contains the
APi and HIF-1 elements is regulated by reduced 02 tension. In
another series of experiments, double-stranded oligonucleotide
probes that contained either the API or HIF-i sequence were
used for gel shift experiments. We measured an increase in
hypoxia-induced binding activity with the APi, but not the HIF-1
probe (not shown). Binding to the APi oligoprobe was competed
with unlabeled API probe. Not only did binding to the APi
sequence increase during hypoxia, the binding activity was persis-
tent during prolonged hypoxia (24 hr) (C = control, no protein
extract; 0 = constitutive level of binding during normoxia). These
findings demonstrate that hypoxia-induced binding to the APi
element is induced by reduced 02 tension and persistent during
chronic hypoxia conditions.
We next performed immunological experiments to identify the
proteins that are induced by hypoxia and bind to the APi site.
First, super-shift analysis which employed antibodies against
Fosifun proteins was used to determine if members of this family
of transcription factors might be involved in the hypoxia-induced
Fig. 6. The effect of hypoxia on protein binding
to the 5' flanking region of the TH gene. Nuclear
protein extracts (NPE) from PCI2 cells exposed
to either normoxia (21% 02) or hypoxia (5%
02) were used in the gel shift assay. The
fragment of the TH DNA corresponding
to —284 to —190 of the 5' flank was used
as probe. Arrows denote protein-DNA
binding complexes. Lane 1 = no protein,
lane 2 = 21% °2 (no competition), lane 3
5% 02 (no competition), lane 4 = 21% 02
(APi competition), lane 5 = 0(APi competition), lane 6 = 21% 02 (HIF-1
competition), and lane 7 = 5% 02 (HIF-1
competition). (Reproduced by permission
from [61).
binding to the APi sequence. Results from several of these
experiments are shown in Figure 7. The antibody against c-Fos
produced a super-shifted band that was detectable only with
protein from cells exposed to 5% 02, which indicates that c-Fos
binding to the API site is enhanced by hypoxia (Fig. 7A). Because
e-Fos often forms heterodimer complexes with c-fun, we next
performed supershift assays with antibodies against c-Jun. Surpris-
ingly, no supershifted band was observed (Fig. 7B). This result was
confirmed by shift-Western analysis that showed the presence of
c-Jun in the protein extracts, but not in the API-protein complex
(not shown). In contrast to our findings with c-fun, we found a
very prominent supershifted band when antibodies against JunB
were used (Fig. 7C). These results clearly demonstrate that
binding to the API element is increased during hypoxia and that
this increased binding involves both c-Fos and JunB.
We have also performed experiments to determine if the APi
element is critical for enhanced transcription of the TH gene
during hypoxia in PC12 cells. CAT assays were performed using
the 07-sensitive fragment of the TH promoter (—284) with an
532 Millhorn et a!: Reduced 02 tension and gene expression
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Fig. 7. Supershift assays reveal the presence of c-Fos and JunB in the hypoxia-induced APi binding complex. A. An antibody against c-Fos that was
incubated with the protein-DNA complex produced a super-shifted band (solid arrow) that migrated above the normal DNA-protein complex (open
arrow). This supershifted band indicated the presence of c-Fos in the API binding complex. B. Antibodies againstJunB resulted in a supershifted band
(dark arrow) which indicates that JunB is present in the API binding complex. The open arrow indicates the normal gel shift complex (without antibody).
The panels to the right of the radiographs are optical density measurements of the super-shifted bands during hypoxia for each antibody concentration.
intact or mutated APi sequence. The mutation completely dc.
stroyed the API recognition site. Figure 8 shows results from a
CAT assay performed with the intact TH-API and API mutant
constructs that had been transiently transfected into PC12 cells
prior to exposure to 5% 02. Hypoxia stimulated expression of the
construct that contained the intact API element (lane 1), but not
in the construct that contained the mutant APi element (lane 2).
Thus, mutation of the APi element prevented activation of the
TH gene by hypoxia. This finding and the results from the protein
binding experiments demonstrate the critical importance of the
API element in regulation of the TH gene during hypoxia.
It has been shown previously that cAMP increases during
hypoxia in carotid body type I cells [13] and that the TH gene is
regulated by the cAMP-protein kinase A (P1(A) signal transduc-
tion pathway in response to membrane depolarization in PCI2
cells [14]. We therefore performed experiments to determine if
this pathway is involved in regulation to TH gene expression in
PC12 cells during hypoxia. Results from these experiments
showed that PKA activity is actually decreased during hypoxia and
that TH gene expression is regulated by hypoxia in a mutant PCi 2
ccli line that is deficient in PKA (data not shown). These findings
indicate that the cAMP-PKA pathway is not required for regula-
tion of TH gene expression during hypoxia in PC12 cells.
Discussion
The primary cardiopulmonary response to reduced 02 in
mammals is hyperventilation that serves to increase the 02
tension in arterial blood. Hyperventilation is mediated by the
dopamine-synthesizing 02 chemosensitive cells in the carotid
body [1]. The mechanisms by which type cells, as well as other
02-sensitive cells, respond to changes in 02 tension remain
uncertain. However, it has been reported that type I cells express
a novel K channel that is reversibly and selectively inhibited by
hypoxia [7—10]. We recently found that the dopaminergic PC12
cell line expresses an 02-sensitive K channel that is TEA sensitive
and displays ionic kinetics that are similar to those reported for
type I cells and other 02-sensitive tissue [12]. The 02-sensitive K
current in PC12 cells is inhibited in a graded fashion by exposure
to progressively more severe hypoxia. Hypoxia-induced inhibition
of this current leads to membrane depolarization, an increase in
intracellular free Ca2, and release of dopamine (not shown). It
seems entirely possible that inhibition of the 02-sensitive K
channel and the subsequent membrane depolarization and Ca2
mobilization are important cellular mechanisms for sensing
changes in 02 tension and transduction of this signal into the
appropriate cellular responses.
A primary response of the 02-sensitive cells in the mammalian
carotid body is activation of closely situated sensory terminals by
release of neurotransmitter. Both type I cells [1, 2] and the
02-sensitive PCI2 cells [15, 16] release dopamine in response to
reduced 02 tension. Moreover, it has been shown that reduced 02
leads to enhances the activity of the rate-limiting enzyme (TH) in
dopamine synthesis [17] and increased TH gene [3] in the rat
carotid body. We have used PCI 2 cells as a model system to
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Fig. 8. Role of API element in transcriptional response to hypoxia. PC12
cells were transfected with constructs that contained either intact or
mutated APi element. Lane 1 shows the high level of CAT activity during
hypoxia that was mediated by the construct that contained the intact API
element. Lane 2 shows the much reduced level of CAT activity during
hypoxia that was mediated by construct that contained the mutated APi
element. Reproduced with permission from [6].
identify the molecular genetic mechanisms responsible for regu-
lation of TH gene expression during hypoxia [4, 5]. In the present
study, we used this model system to demonstrate that increased
transcription of the TH gene during hypoxia is regulated by
specific sequences in the proximal 5' promoter region of the gene.
Results from experiments in which nested deletions of the 5'
flanking region of the TH gene was cloned in front of a reporter
gene revealed that a region of the TH promoter that extends from
—150 to —284 is required for transcriptional activation by hyp-
oxia. This region of the gene contains a number of cis-acting
regulatory elements including an API, AP2, and HIF-l sequence.
Findings from gel shift experiments showed hypoxia-induced
protein binding to this fragment of the TH gene. The HIF-1
element has been implicated in transcriptional regulation of the
erythropoietin (EPO) gene during hypoxia [181. Moreover, mem-
bers of the Fos and Jun families of immediate early genes are
activated by hypoxia in cardiac myocytes and and their cognate
proteins bind to the APi element in specific genes [19]. We have
focused our effort on elucidating the potential role of the API site
in regulation of TH gene expression during hypoxia. Findings
from mobility shift assays in which short oligonucleotides that
contained the API site, but not the AP2 or HIF-1 sites, were used
as probes, revealed that hypoxia caused increased binding to the
APi sequence. It has been shown that the Fos/Jun family of
proteins and other protein factors (such as NFKB) are capable of
binding to the API site and regulating the rate of transcription of
target genes [20]. Our results show that hypoxia-induced binding
to the API element is specific, and that binding to this element
remains elevated during prolonged exposures to hypoxia. Findings
from our gel shift experiments indicate that an interaction of
proteins at the APi element on the TH gene may play an
important role in control of transcription during hypoxia.
Regulation of gene expression involving the APi element has
been studied extensively and involves the interactions of family
members of the Fos and Jun immediate early genes and their
cognate proteins. Supershift assays revealed that c-Fos and JunB,
but not c-Jun, bind to the API element during hypoxia [6]. This
finding suggests that a selective complex of c-Fos and JunB is
formed in PC12 cells during hypoxia and that this complex binds
to the API site. Moreover, our finding that mutation of the APi
element abolished transcription of the TH-CAT construct is
evidence that the hypoxia-induced binding to the API element
plays a role in regulation of transcription of the TH gene during
hypoxia.
Fos and Jun proteins form dimers with other members of the
bZIP class of proteins via leucine zipper interactions [21, 221 and
with NFKB [20]. These transcription factors appear to be ex-
pressed in a stimulus-specific and cell-specific manner that lead to
the formation of specific heterodimers [23]. It is well established
that Jun proteins can form hererodimers with the trans-acting
factor c-Fos [24]. It is possible that members of the Fos and Jun
families interact in different combinations, as well as with other
leucine zipper proteins to form heterodimers that interact with
the APi element (and perhaps other elements) on certain genes.
In the present study, we observed specific interactions of c-Fos
and JunB at the APi element of the TH gene during hypoxia.
It has been reported that hypoxia induces cAMP levels in type
I carotid body cells during hypoxia [25]. Since the TH gene has a
cAMP response element in its promoter, we performed studies to
determine if the cAMP-PKA pathway is activated by hypoxia in
PC12 cells and if TH gene expression is regulated by this pathway
during hypoxia. We actually measured a decrease in PKA activity
during hypoxia lasting from 6 to 72 hours exposure to hypoxia.
Moreover, TH gene expression is regulated by reduced 02 tension
in mutant PC12 cells that are deficient in PKA. These findings
indicate that the cAMP-PKA pathway is not responsible for the
up-regulation of TH gene expression during hypoxia.
In summary, findings from our studies indicate that PC12 cell
express an 02 sensitive K channel that is inhibited by reduced 02
tension. Inhibition of this channel mediates membrane depolar-
ization and an increase in intracellular free Ca2 during hypoxia.
We propose that the increase in intracellular free Ca2 is involved
in mediating the cellular responses to hypoxia. We also found that
increased TH gene expression in PC12 cells during hypoxia is
regulated by sequences located between —284 and —150, relative
to transcription start site. Ablation of this region prevents tran-
scriptional activation of the TH gene during hypoxia. We ob-
served an increase in protein binding to this fragment of the native
TH gene that was partially competed with oligonucleotide probes
that contained either the APi or HIF-i sequence. In addition, we
measured hypoxia-induced binding to the APi oligo probe, but
not to the HIF-i probe. Immunological studies revealed that both
c-Fos and JuoB interact with the API element of the TH gene
during hypoxia. Site-specific mutation of the API site blocked
transcriptional activation during hypoxia which indicates that the
API site play an important role in regulation of the TH gene
during hypoxia.
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